The expression of AXL was positively associated with GAS6 expression (P < 0.001), and tumor differentiation (P = 0.014) in advanced NSCLC with metastases. AXL expression displayed no association with gender, age, smoking history, pathology, T stage, N stage, CEA, and LDH. In univariate analysis, both AXL and GAS6 were found to predict worse OS outcomes (AXL: HR 1.77, 95% CI 1.13-2.79, P = 0.01; GAS6: HR 1.80, 95% CI 1.14-2.84, P = 0.01). In the brain metastasis subgroup, the expression of AXL was positively associated with GAS6 expression (P < 0.001). Both AXL and GAS6 were found to predict worse BM-OS outcomes in univariate analysis (AXL: HR 2.19, 95% CI 1.33-4.10, P = 0.005; GAS6: HR 2.04, 95% CI 1.01-3.71, P = 0.019). In multivariate analysis, high coexpression of AXL/GAS6 was found to be an independent unfavorable risk factor for the overall study population (HR 2.33, 95% CI 1.40-3.87, P = 0.0011) and also in BM (HR 2.76, 95% CI 1.45-5.25, P = 0.001), predicting worse survival outcome.
Introduction
Lung cancer is a disease with high morbidity and is the leading cause of cancer mortality worldwide (Chen et al. 2016; Siegel et al. 2016 ). Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases (Ettinger et al. 2012) . Unfortunately, although lung cancer treatments have had considerable advances over recent years, most of the cases present at late stages and remain incurable. Prognosis of patients with advanced NSCLC remains very poor, especially in patients with NSCLC brain metastases (BM) . Among all patients with NSCLC, nearly 20-40% will develop brain metastases during the course of disease and ultimately succumb to it (Barnholtz-Sloan et al. 2004; Mujoomdar et al. 2007 ). The median survival time of patients with NSCLC BM is approximately 9.3-19.1 months (Baek et al. 2016; Sperduto et al. 2010; Welsh et al. 2013) . Hence, it is an unmet need to identify potential biomarkers in NSCLC patients with BM to provide better insights into the disease prognostication. Also, it is crucial to identify novel potential actionable targets in this disease group that can be translated into therapeutic benefits to impact the clinical outcome.
AXL (also known as tyrosine-protein kinase receptor UFO, TYRO7, and ARK) is a receptor tyrosine kinase belonging to the TAM (TYRO3/AXL/MER) family (O'Bryan et al. 1991) . AXL has been reported to be overexpressed or ectopically expressed in a multitude of human cancers, including breast (Zhang et al. 2008) , colon (Craven et al. 1995) , lung (Ishikawa et al. 2013) , hepatocellular carcinoma (He et al. 2010) , and esophageal adenocarcinoma (Hector et al. 2010) . Its natural ligand, growth arrest-specific gene 6 (GAS6), can bind to AXL receptor kinase to activate its catalytic kinase activity, which in turn leads to downstream activation of various oncogenic signaling pathways, regulating cell proliferation, invasion, survival, metastases, anti-apoptosis, and drug resistance (Linger et al. 2008) . These biological effects are mainly mediated by GAS6/AXL-induced activation of MAPK/ ERK and PI3K/AKT signaling pathways (Hasanbasic et al. 2004; Hong et al. 2008; Lee et al. 2002) .
Overexpression of AXL has been observed in nearly 60% of NSCLC cell lines, and it is also found highly expressed among primary lung cancers (Shieh et al. 2005; Wimmel et al. 2001) . AXL has been nominated as a potent epithelial-mesenchymal transition (EMT) inducer, and a potential molecular target for lung cancer therapy (Shieh et al. 2005; Vaughan et al. 2012) . Genetic knockdown of AXL using siRNA can inhibit invasion of NSCLC cells. Importantly, induced AXL-GAS6 signaling has also been reported to mediate cancer drug resistance against both cytotoxic chemotherapeutics and targeted therapies in lung cancer (Zhang et al. 2012) . Although the role of AXL-GAS6 expression and signaling effects in lung cancer have been reported in recent years (Ishikawa et al. 2013; Shieh et al. 2005; Wimmel et al. 2001; Zhang et al. 2012) , the role of AXL-GAS6 in brain metastases from lung cancer and its potential prognostic importance have not been well clarified.
In this study, we conducted a retrospective analysis to evaluate AXL and GAS6 expression levels in NSCLC patients with BM by standard immunohistochemistry (IHC) and further interrogated its potential role in survival outcome prognosis.
Materials and methods

Patient characteristics
All tissues were collected from 98 patients who had received surgical resection from December 2000 to June 2014 at the Department of Surgery of Sun Yat-sen University (Guangzhou, China). Ninety one (91) patients had distant metastases at the time of diagnosis. The remaining seven patients were without metastases at initial diagnosis, but continued monitoring revealed that there was eventually metastatic disease. A subgroup of 66 patients had distant metastases to the brain, while the other 32 patients had distant metastases to other organs (liver, bone, or adrenal gland). The eligibility criteria are as follows: (1) All the patients had developed distant metastases. (2) All the pathological diagnoses of tumor tissues were confirmed to be NSCLC by anatomic pathologist. The cases were selected consecutively on the basis of availability of resection tissues and follow-up data. (3) Tumor stage was classified according to the 7th lung cancer TNM staging edition from International Association for the Study of Lung Cancer (IASLC).
Immunonhistochemical (IHC) staining
A total of 98 tumor tissue samples [51 samples from lung, 45 samples from other organs: brain (n = 35), adrenal gland (n = 5), kidney (n = 2), liver (n = 2), bone (n = 1)] were used in the IHC analysis. Formalin-fixed, paraffin-embedded tumor specimens were cut into 5-µm sections. The samples were deparaffinized in xylene and rehydrated in a series of graded ethanol after being baked at 60 °C for 2 h. Next, the samples were incubated with 3% hydrogen peroxide for 15 min to block endogenous peroxidase activity. The sections were microwaved in 1 mM ethylenediamine tetra-acetic acid (EDTA, pH 8.0) for 25 min for antigen retrieval, and then pre-incubated in 2.5% normal horse serum (VEC-TOR, #S-2012) for 30 min to block non-specific staining. The sections were incubated with the primary rabbit antihuman AXL monoclonal antibody (working dilution 1:200, Cell Signaling Technology, #8661) and goat anti-human GAS6 polyclonal antibody (working dilution 1:200, R&D Systems, #AF885-SP) overnight at 4 °C. Subsequently, the samples were incubated with secondary antibody (VEC-TOR, #MP-7500, #MP-7405) at room temperature for 1 h. All specimens were scored independently by two experienced pathologists who were blinded to the patients' identity and clinical status. H-scores of percentage of positive tumor cells (0-100%) and dominant staining intensity (0, 1+, 2+, and 3+) of immunostaining were adopted for the expression data analysis. The final quantitation of each staining was determined by averaging the H-scores (% positive tumor cells × staining intensity) obtained from the two pathologists. AXL expression was classified as high or low based on whether the H-score was above or below the median cut-off score of 0.4, respectively. GAS6 expression was considered high if the score was above 0.3 as the median cut-off.
Follow-up
The last date of follow-up was on June 30, 2016. In all patients (47 females and 51 males), the follow-up period ranged from 3 to 67 months. All patients were followed up every 3 months in the first year and every 6 months thereafter. The follow-up protocol included physical examination, carcinoembryonic antigen (CEA) level, brain MRI, chest X-ray or CT, and abdominal ultrasonography. During the course of follow-up, 79 patients (80.6%) died of lung cancer-related causes. 19 patients were still alive at the time of the last follow-up report.
Statistical analysis
Overall survival (OS) was defined as the time from diagnosis of metastatic NSCLC to the death of the patient or last date of follow-up. Overall survival of the brain metastatic NSCLC subgroup (BM-OS) was calculated from the time of diagnosis of the first BM to the time of death of the patient or last date of follow-up. The SPSS software package (version 24.0, IBM, USA) and GraphPad Prism (version 6.0, GraphPad Software Inc, USA) were used for the statistical analysis. The Chi-square test was used to assess the correlation of AXL-GAS6 status with clinicopathological characteristics. Survival curves were generated using the Kaplan-Meier method, and differences between curves were assessed by the log-rank test. The Cox multivariate proportional hazards regression model was used to determine the independent risk factors that influence overall survival. P values less than 0.05 were considered to be statistically significant.
Results
AXL and GAS6 expression in NSCLC
To elucidate the biological significance of AXL in lung cancer metastases, especially in NSCLC with brain metastases, we tested the expression of AXL and its ligand GAS6 in the selected 98 lung cancer specimens by immunohistochemical staining. The results showed that AXL and GAS6 expressions are primarily localized both at the cytoplasmic membrane and within the cytoplasm of tumor cells, respectively ( Fig. 1 ). In the brain metastasis subgroup, high AXL and GAS6 expression was found in 36 of 66 (54.5%) and 37 of 66 (56.0%) patients, respectively. In the subgroup of lung cancer with metastases to organs other than brain, high AXL and GAS6 expression accounted for nine of 32 (28.1%) in both markers.
Correlation of AXL-GAS6 protein expression with clinicopathological parameters in lung cancer with metastases
To gain insight into the potential role of AXL in NSCLC with metastases, we correlated AXL expression status in the study cohort of 98 NSCLC patients with distant metastases with various clinical and pathological features. The expression of AXL was significantly correlated with tumor differentiation (P = 0.014). The association between AXL and GAS6 expressions was estimated using Spearman's correlation with the scatterplot and fitted straight line and was found to have a positive correlation (R = 0.532, P < 0.001) ( Figure S1 ). In contrast, AXL expression displayed no association with gender, age, smoking history, pathology, T stage, N stage, CEA, or LDH (all P > 0.05) ( Table 1) .
We next analyzed the correlation between AXL and traditional clinicopathological parameters with patients' outcomes by univariate analysis. Significantly increased OS was observed for the NSCLC metastasis-positive patients with low AXL expression (AXL Low ) (P = 0.014), low GAS6 (GAS6 Low ) (P = 0.012), N 0/1 (P = 0.032) (Fig. 2a-c ), but not with other clinicopathological parameters ( Figure S2 , a-h). In addition, the median OS in the group with low levels of AXL (AXL Low ) (n = 49) and in the group with high levels of AXL (AXL High ) (n = 49) were 35 and 24 months, respectively. Furthermore, the 2-year OS rates of AXL Low vs AXL High were 65.1 and 48.3%, respectively (Table 2) . We also performed univariate and multivariate Cox model analyses to analyze whether AXL-GAS6 represent potential independent predictors for OS outcome in patients with NSCLC metastases. Both AXL and GAS6 were found to predict OS outcomes in our univariate analysis (AXL: HR 1.77, 95% CI 1.13-2.79, P = 0.01; GAS6: HR 1.80, 95% CI 1.14-2.84, P = 0.01) ( Table 3) . Combined AXL/ GAS6 co-expression analysis yielded stronger predictor index with HR 2.20 (95% CI 1.36-3.56, P = 0.001) in the AXL High /GAS6
High group. Multivariate analysis of AXL/ GAS6 co-expression significantly correlated with OS (HR 2.33, 95% CI 1.40-3.87, P = 0.0011) ( Table 4 ). Our results revealed that AXL/GAS6 co-expression and N stage (HR 1.81, 95% CI 1.13-2.90, P = 0.013) were independent poor predictors for OS in patients with NSCLC metastases (Tables 3, 4) .
We also sought to determine whether the prognostic value of AXL changes among different N stages. The AXL High expression status maintained its prognostic value in predicting shorter OS in N 2/3 stage (n = 58) (P = 0.019), but not in N 0/1 stage (n = 40) (P = 0.25) (Fig. 2d, e) . 
High expression of AXL-GAS6 is significantly associated with poor prognosis in patients with NSCLC with BM
In the subgroup of patients with NSCLC with brain metastases, the high expression of AXL (AXL High ) was significantly associated with GAS6 expression (P < 0.001), but not with tumor differentiation, gender, age, smoking history, pathology, T stage, N stage, CEA, and LDH (all P > 0.05) ( Table 5 ).
Significant OS disadvantages were observed for the NSCLC metastasis patients with high AXL expression (AXL (Fig. 3a-c) . Median OS for AXL Low (n = 29) and AXL High (n = 37) were 48 and 21 months, respectively (P < 0.05). Furthermore, the 2-year OS rates of the AXL low (n = 29) and AXL high were 68.8% and 44.8%, respectively (Table 2) .
We used both univariate and multivariate Cox models to analyze whether AXL-GAS6 could be an independent predictor for BM-OS in patients with NSCLC with brain metastases. Our results in the univariate analysis revealed that high expression of AXL (AXL High ) (HR 2.19, 95% CI 1.33-4.10, P = 0.005), and GAS6 (GAS6 High ) (HR 2.04, 95% CI 1.01-3.71, P = 0.019), and N stage (HR 2.08, 95% CI 1.24-3.82, P = 0.01) were predictors for poor OS in patients with NSCLC with BM (Table 6 ). In the multivariate Cox analysis model, combined AXL/GAS6 co-expression significantly predicts poor OS with HR 2.76 (95% CI 1.45-5.25, P = 0.001) in the AXL High /GAS6
High group (Group IV vs I/II/III) ( Table 7) .
We further sought to determine whether the prognostic value of AXL changes in different N stages of NSCLC BM patients. The high expression of AXL (AXL High ) maintained its prognostic value in predicting shorter BM-OS in N 2/3 stage (P = 0.016) (Fig. 3e) , not in N 0/1 stage (P = 0.29) (Fig. 3d) .
Significant OS advantages were observed for the NSCLC BM in lung tissue subgroup compared with the brain tissue subgroup. The AXL High expression has prognostic value in predicting shorter OS in lung tissue group (n = 31) (P = 0.001), but not significantly so in the brain tissue group (n = 35) (P = 0.19) (Fig. 3g-i) . In addition, the brain tissues comparing with the lung tissues was associated with significantly higher co-expression of AXL/GAS6 (AXL High /GAS6 High ) (P = 0.021), albeit not with just high expression of AXL alone (P = 0.49) ( Table 5 ).
In the patient subgroup with NSCLC with other organ metastases (OM), the high expression of AXL/GAS6/N stage was not associated with OS (P > 0.05) ( Figure S3 , a-c).
Combination of AXL and GAS6 co-expression is associated with poor prognosis in advanced NSCLC with distant metastases especially in the BM group
We found that 37/49 (75.5%) patients with GAS6 (Table 5) . Moreover, the co-expression relationship between AXL and GAS6 was further confirmed by IHC assays in serial sections of lung cancer metastasis tissues. Univariate Cox model analysis indicated that GAS6 High and AXL High tumoral expression levels were significantly associated with shorter OS (P < 0.01) (Tables 3, 6 ). We further evaluated the potential prognostic value of AXL expression coupled with GAS6 co-expression levels for overall survival of NSCLC metastasis patients. According to AXL/ GAS6 co-expression pattern, the cases were divided into four groups: Group I with AXL Low and GAS6 Comparing to all the other groups, in multivariate Cox model analysis, the group IV (GAS6 High /AXL High ) patients displayed the worst survival prognosis correlation, robustly predicting poor outcomes both in the overall NSCLC Fig. 2 The correlation of NSCLC overall survival (OS) with different clinicopathological characteristics. a-c Survival curves were generated using the Kaplan-Meier method, and differences between survival curves were estimated by the log-rank test. AXL, GAS6, and nodal (N) stage have statistically significant correlation with OS differences. metastasis cohort group (P = 0.001) ( Table 4 ; Fig. 2f , Figure  S2 , i) and also in the NSCLC BM cohort group (Table 7 ; Fig. 3f , Figure S2 , q) (P = 0.001).
Discussion
AXL, a transforming protooncogene, was originally isolated from chronic myelogenous leukemia cells (O'Bryan et al. 1991) . AXL has been reported to be ectopically expressed or overexpressed in a multitude of human cancers. GAS6 can bind to the extracellular domain of AXL leading to autophosphorylation of tyrosine residues on the intracellular tyrosine kinase domain of AXL, and induce activation of PI3K/AKT and MAPK/ ERK signaling pathways (Wu et al. 2014b) . To the best of our knowledge, there are no reports to this date on the role of AXL-GAS6 in NSCLC BM, and the prognostic significance of AXL-GAS6 expression in lung cancer brain metastases remains undefined. The epithelial-mesenchymal transition (EMT) process allows epithelial cells to lose their cell polarity and adopt mesenchymal-like phenotypes, thereby gaining the ability to migrate and invade surrounding tissue. EMT is correlated with the development of acquired resistance to chemotherapy (Fischer et al. 2015) and targeted therapy in a number of cancers (Shintani et al. 2016; Zhang et al. 2012 ).
Previous studies reported by our group demonstrated that acquired epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI)-resistant EGFR-mutant NSCLC cells not only overexpressed AXL, but also demonstrated a concomitant EMT-associated transcriptional program involving upregulation of vimentin (Zhang et al. 2012 ). Our recent studies also supported the notion that early adaptive precision drug-resistant escape in EGFR-mutant NSCLC under EGFR inhibitor treatment is associated with a quiescence cell state under transcriptomic-metabolomic cellular reprogramming that has an enhanced EMT-ness, Fig. 3 The correlation of NSCLC BM-OS with different clinicopathological characteristics. a-c AXL, GAS6, and nodal (N) stage have statistically significant correlation with BM-OS. d, e The correlation between AXL expression and NSCLC BM-OS in N 2/3 stage group (n = 43), P < 0.05. f Combined analysis of AXL and GAS6 coexpression and its correlation with NSCLC BM-OS. The association of AXL/GAS6 high co-expression with overall survival (log-rank P < 0.05) is shown here. Group I with AXL Low and GAS6 Low (n = 20); Group II with AXL High and GAS6 Low (n = 9); Group III with AXL Low and GAS6 High (n = 9); Group IV, AXL High and GAS6 High (n = 26). g-i The correlation between AXL expression and NSCLC BM-OS in the lung tissue subgroup and brain tissue subgroup. AXL expression carries a statistically significant BM-OS difference in lung tissue subgroup, and not in brain tissue subgroup cancer stemness, and upregulated vimentin (Thiagarajan et al. 2016) . The EMT signature and AXL might be predictive biomarkers of drug response-resistance profile and therapeutic targets in patients with NSCLC (Fischer et al. 2015; Thiagarajan et al. 2016; Wu et al. 2014a) . As overexpression of AXL/GAS6 can contribute to tumor invasion, metastasis especially to the brain, and drug resistance against chemotherapy and targeted therapies in NSCLC, the AXL/GAS6 pathway can be promising therapeutic target for clinical inhibition. There are a number of ongoing cancer clinical trials aiming at inhibiting the activity of AXL kinase, such as using the novel small-molecule inhibitor R428 (BGB324) to potently block autophosphorylation of AXL (Wu et al. 2014b) . Final clinical study results upon completion of the trials would provide insights into the potential significance of AXL inhibition in NSCLC and other human cancers. Also, novel GAS6-and AXL-targeting inhibitors would be of value to be developed as well as combination inhibitory strategy co-targeting the two molecules.
NSCLC BM patients often have poor prognosis, with reported median overall survival time being only 7 months (Sperduto et al. 2012; Zimmermann et al. 2014) . The median survival time of patients with metastatic NSCLC to the brain with tumoral EGFR mutations is more favorable at the range of 19-26 months, likely as a reflection of the favorable predictive and prognostic indices for EGFR mutations per se (Jiang et al. 2016; Luo et al. 2014; Welsh et al. 2013 ). In our current study, the median BM-OS time for the AXL High group was 21 months and that for AXL Low was 48 months. We did not include EGFR and ALK genotype information in our study analysis; and there was no complete treatment information on all the study patients. While EGFR and ALK kinase inhibitors as standard-of-care first-line targeted therapy for EGFR-mutated/ALK-rearranged NSCLC patients began in 2004 and 2011, respectively, in the US, for China, the genotype-guided therapy started since 2006 and 2013, respectively (Cohen et al. 2005; Sasaki and Janne 2011) . The tumor tissues included in our current study were collected from December 2000 onwards. Moreover, not all the EGFR-mutated/ALK-rearranged patients would have received targeted therapy during the study period in China. Furthermore, AXL High and GAS6
High expressions are each an independent predictor for poor OS in advanced lung cancer especially in the BM patients, but not in the subgroup of patients with metastasis to other organs. In addition, AXL High expression level maintained its prognostic value in predicting shorter OS in N 2/3 stage, but not in N 0/1 stage. Of note, the metastatic brain tissues from lung primary was significantly associated with high co-expression of AXL/GAS6. AXL/ GAS6 are known to be a pivotal signaling axis involved in EMT, which could conceivably be the underlying factor in leading to tumor progression and adverse prognosis in lung cancer BM. Our data support the finding that significant OS advantages were observed for the NSCLC BM in lung tissue subgroup compared with the brain tissue subgroup. We believe that there were confounding clinical factors in the NSCLC BM brain tissue subgroups inherent in the subgroup patients' clinical conditions and scenarios as the basis of the decision of brain metastatic tissue craniotomy resection may contribute to the unfavorable outcome in this subgroup relative to the NSCLC BM lung tissue subgroup. These include factors such as symptomatic brain metastasis, and larger metastatic tumor size not amenable for gamma-knife radiosurgery in the brain tissue subgroup. In turn, these factors may also be correlated with the AXL-GAS6 expression as well. Moreover, the added potential perioperative risks may also contribute negatively to the brain tissue NSCLC BM subgroup patients' survival outcome.
Based on our study results, we nominate GAS6 High / AXL High as a potential molecular determinant in NSCLC patients more likely to form metastatic sites at the CNS brain compartment, and is associated with poor survival outcome prognosis. Further preclinical translational model system to test and validate this hypothesis would be of great value. Our laboratory is pursuing these studies further to advance the clinical-translational impact of our study results. Our current study has several limitations. First, it is a retrospective study with its intrinsic associated limitations. Second, our cohort size is modest; although it consists of well-annotated and unique sample cohort set. Third, there can be inherent methodological limitations and variations in the performance and scoring of standard IHC study and results. To minimize bias and methodological variations, we have herein adopted rigorous standardized assay methods in our study and the results were scored by two blinded independent well-trained clinic pathologists. Furthermore, additional studies with larger clinical sample cohort size from different centers would be of value to further validate our results.
Our results reveal that AXL-GAS6 signal axis potentially has a key role in NSCLC tumor progression and survival prognosis; and AXL alone or in combination with GAS6 may serve as feasible biomarker for prognostic prediction in patients with metastatic NSCLC to the brain. Combined co-expression analysis of AXL with GAS6 may serve to identify the high-risk NSCLC BM patients, and could engender an attractive therapeutic approach to prevent or combat brain metastases in NSCLC in the future.
